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Searching for Dark Matter



By that same 
consensus, we only 
understand 5% of it	


There is pretty strong 
consensus regarding how 
much stuff there is in the 
universe



Dark matter - evidence?

• Galaxy rotation curves	


• Galaxy clusters	


• Gravitational lensing	


• Cosmic microwave 
background	


• Galactic collisions

Vera Rubin, 1970s
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In Newtonian dynamics, the rotational 
velocity of an object in circular motion is
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matter can be summarized by noting that the baryon density is only a fraction of the total matter

density inferred by observations of the CMB in combination with supernovae and the Sloane Digital

Sky Survey [17].

Ωbh2 = 0.02267+0.00058
−0.00059 (1.23)

Ωmh2 = 0.1358+0.0037
−0.0036 (1.24)

1.2 Observational evidence for dark matter

The evidence for dark matter is not restricted to cosmology but is in fact consistent across many

different scales in the universe. This section will present the evidence from a variety of sources that

point to the existence of dark matter in our universe.

1.2.1 Galaxies

Probably the simplest evidence for dark matter comes from observations of the rotation curves of

galaxies. By observing the Doppler shift as a function of galactic radius in the Andromeda Nebula,

Vera Rubin in 1970 found that stars very far from the center of the galaxy were moving just as fast

as stars closer in [18]. From Newtonian dynamics, the rotational velocity of an object in a circular

orbit of radius r is

v(r) =

√

GM(r)
r
, (1.25)

where G is the gravitional constant, M(r) =
∫

ρ(r)r2dr is the mass within the orbit, and ρ(r) is the

mass density profile. If rl is the radial extent of the luminous component of a galaxy and all the

matter was in the luminous part, then M(r) is a constant for r > rl. Therefore, one would expect

v(r) ∝
1
√

r
for r > rl. (1.26)

For most spiral galaxies including Andromeda, the velocity distribution does not exhibit this behav-

ior, but instead asymptotes to a constant velocity between 100 and 300 km/s, as shown in Fig. 1.4.

This observation implies that well outside the luminous part of the galaxy, M(r) ∝ r and ρ(r) ∝ r−2.

The most common explanation is the existence of a dark matter halo, and over 1000 galaxies

where M is the mass within the orbit. If rl is 
the radial extent of the luminous part, and all 

mass is in the luminous part of the galaxy, 
then M is constant for r > rl and
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Dark matter - evidence?

• Galaxy rotation curves	


• Galaxy clusters	


• Gravitational lensing	


• Cosmic microwave 
background	


• Galactic collisions

Fritz Zwicky, 1930
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So what is it?

• We know it interacts gravitationally	


• It is “dark” - should not interact with light or 
electromagnetism	


• Nearly collisionless	


• Slow

Axions

MACHOs

Champs

WIMPs, WIMPzillas,	

 Light WIMPS

Kaluza-Klein particles

Many more



So what is it?

• We know it interacts gravitationally	


• It is “dark” - should not interact with light or 
electromagnetism	


• Nearly collisionless	


• Slow

Beyond the Standard Model!



Why Weakly Interacting Massive Particles 
(WIMPs)?

The WIMP “Miracle” 
(WIMP = Weakly Interacting Massive Particle) 

A sampling of 
available dark 
matter candidates 

Particles with mass and 
couplings at the weak scale 

yield cross sections that 
correspond to ~correct relic 
density of cold dark matter 
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The “WIMP Miracle”



WIMPs
• Produced during big bang	


• Decouples from ordinary 
matter as the universe 
expands and cools	


• From cosmology we can 
calculate the relic abundance 
of a non-relativistic species	


• A particle with weak scale interactions has annihilation cross section
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This equation is analyically solvable in the two limits x ≪ mχ/TF and x ≫ mχ/TF, where TF is the

freeze-out temperature. For the latter case of well after freeze-out, we can integrate the resulting

differential equation to find

Y−1
∞ =

√

πg∗
45

mχMPlx
−1
F (a + 3b/xF). (1.42)

The relic density of χ is ρχ = mχnχ = mχs0Y∞ where s0 = 2889.2 cm−3 is the entropy density today

(for a universe with 3 Dirac neutrinos) [1]. Finally, dividing ρχ by the critical density, we find

Ωχh
2 ≈

1.04 × 109 GeV−1

MPl

xF√
g∗

1
(a + 3b/xF)

(1.43)

where a and b are in units of GeV−2, g∗ is evaluated at the freeze-out temperature and xF can be

solved iteratively by matching the two extreme-case solutions to Eq. 1.41.

Therefore, the relic density calculation is entirely reduced to determining the parameters a and b,

which can be extracted from a calculation of the annihilation cross section in a given model. There

are a number of cases where the above calculation can break down, including when the WIMP

mass is very close to that of another particle or if annihilation occurs through a resonant channel.

Some examples are listed in Sec. 3.4 of [1] and references therein. Finally, it should be noted that

the rate for direct detection as discussed in Sec. 2.1 does not depend on these calculations, as the

local density of dark matter is estimated from observations of our galaxy. Instead, calculations of

the relic abundance serve as a filter for potential dark matter candidates. Given a model predicting

a WIMP candidate, one can calculate the relic density using the above prescription (e.g. finding the

annihilation cross section and plugging into Eq. 1.43); the resulting relic abundance should then be

compared to the current cosmological limits to determine the viability of the proposed candidate.

The WIMP Miracle

A mass-independent (except for logarithmic corrections) approximation to Eq. 1.43 is given in [1]

as

Ωχh
2 = mχnχ/ρc ≈

3 × 10−27 cm3s−1

< σAv >
. (1.44)
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From the same reference, if the new particle has weak-scale interactions, its annihilation cross

section can be estimated to be

< σAv >∼ α2(100 GeV−2) ∼ 10−25 cm3s−1. (1.45)

Therefore, the relic abundance of a weakly interacting massive particle, or WIMP, is the same order

of magnitude as that required by cosmological observations. This coincidence has at times been

called the “WIMP miracle,” as there is no particular reason why the weak-scale interaction should

have anything to do with the critical density. If a particle does exist at these scales, it is very likely to

also be the dark matter, and therefore the WIMP is one of the most popular dark matter candidates.

Neutrinos

Neutrino oscillation experiments have shown that neutrinos both exist and have mass, which is not

a bad start when looking for a dark matter candidate. It is possible to calculate the contribution of

neutrinos to the mass density of the universe. Given the limits on the mass of the heaviest neutrino

from the Troitsk and Mainz experiment [69, 70], the upper bound on the total neutrino relic density

is

Ωνh
2 ≤ 0.07. (1.46)

A stronger limit comes from CMB measurements, and in any event the relativistic nature of standard

model neutrinos prevents them from accounting for most of the dark matter.

Heavy sterile neutrinos, on the other hand, could be a form of warm or cold dark matter. These

neutrinos would not interact via the electroweak force but only via mixing to the other flavors of

neutrinos. These sterile neutrinos could be produced by conversion of active neutrinos or if there is a

non-vanishing initial lepton number in the universe [71–73]. In the latter case, they can be produced

via resonant reactions resulting in a non-thermal warm or cold energy spectrum. Because these

neutrinos would be able to interact via mixing, they are subject to a number of astrophysical and

cosmological constraints as discussed in [74]. For example, the radiative decay of heavy neutrinos

to a light neutrino and a photon of energy comparable to the mass of the heavy neutrino would

contribute to the diffuse extragalactic background radiation, and the total flux of this radiation is

constrained by observation (e.g. by the Chandra X-ray Observatory).

Early 	

universe

Annihilation

Freeze-out



WIMPs not necessarily related to  
supersymmetry

• Dark sector could be as complicated as standard model 	


• Searches not limited by expectations from SUSY models
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How do we find it?

Fermi bubbles, courtesy of NASA

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy	


• Accelerators - create a WIMP at the LHC	


• Missing ET and monojet searches	


• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 
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How do we find it?
• Indirect - detect annihilation products from regions of high density 

like the sun or the center of the galaxy	
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Direct Detection
• Can calculate an interaction rate from first principals and some 

assumptions about the dark matter distribution and interaction	


• Two main interactions are considered (other terms tend to be 
suppressed)	


• Spin independent (SI) - couples to all nucleons 	


• In low momentum transfer, this is coherent across the nucleus, 
providing an enhancement for large nuclei	


• Spin dependent (SD) - couples to the spin of the nucleon 
(requires unpaired spin in the nucleus)	


• Interactions with individual nucleons, no enhancement factor



Rate calculation
I The differential cross section (for spin-independent interactions)

in events/kg/keV mass per unit recoil energy is

dR
dQ

=
⇢0

m�
⇥ �0A2

2µ2
p

⇥ F 2(Q)⇥
Z

vm

f (v)
v

dv (3)

I Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

I The unknown particle physics component �0 (where
µp = mpm�/(mp + m�) is the reduced mass of the proton)

I Proportional to A2 for most models

I The nuclear part, approximately given by F 2(Q) / e�Q/Q0 where
Q0 ⇠ 80

A5/3 MeV

I The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and vm =

p
QmN/2m2

r (here
mr = mNm�/(mN + m�) is the reduced mass of the nucleus)

5/8
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The energy scale
• Energy of recoils is tens of keV	


• Entirely driven by kinematics, elastic scattering of things with 
approximately similar masses (100 GeV) and v ~ 0.001c 	


The energy scale

I Energy of recoils - ⇤ 10 � 100 keV

I Entirely driven by kinematics - elastic scattering of particles with
approximately similar masses (100 GeV) and v ⇤ 0.001c (270
km/s)

1
2

mNv2
N =

1
2
⇥ 100 GeV ⇥ 10�6 = 50 keV (2)

4/4



How do we find it?

• Very low rate process (~events/year)

• Rate depends crucially on WIMP mass and thresholdEnectali Figueroa-Feliciano / Fermilab Seminar / 2013
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R(cts/10kg/yr) for 10-45 cm2, 100 GeV
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and efficiency at threshold 
are crucial!
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Much of that dependence comes through 
velocity distribution

• vesc - speed above which WIMPs are no longer bound (currently taken to be 
544 km/s) 

Rate calculation
I The differential cross section (for spin-independent interactions)

per kilogram of target mass per unit recoil energy is
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I The unknown particle physics component, hopefully determined
by experiment
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The canonical plot

• Limited at low mass by detector threshold and kinematics	


• Limited at high mass by density	


Phys. Rev. Lett. 109, 181301 (2012)
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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The canonical plot

• What happened to “weakly” interacting? 	


• Mediation via Z was excluded long ago (~10-39 cm2), but only 
now are we probing Higgs exchange	
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year	


• The problem is that background radioactivity is everywhere!



So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year	


• The problem is that background radioactivity is everywhere!

100 events/second/kg =	

3,000,000,000,000 events/year 

in a ton-scale experiment



Backgrounds!



Background sources

• Cosmic rays are constantly streaming through	


• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities	


• Emphasis on purification, everything must be clean

• The detector itself - steel, glass, detector components	


• Discrimination - can you tell signal from background via 
some tag in the event itself?
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• All experiments have to go underground to get away 
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• Radioactive contaminants - rock, radon in air, impurities	


• Emphasis on purification and shielding

• The detector itself - steel, glass, detector components	


• Discrimination - can you tell signal from background via 
some tag in the event itself?





Background sources

• Cosmic rays are constantly streaming through	


• All experiments have to go underground to get away 
from cosmic rays

• The detector itself - steel, glass, detector components	


• Self-shielding to leave a clean inner region	


• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?

• Radioactive contaminants - rock, radon in air, impurities	


• Emphasis on purification and shielding
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Direct searches 
(non exhaustive)

COUPP/PICO	  
Bubble	  chambers

DAMIC	  
CCDs	  (from	  DECam)

DarkSide	  
Argon	  TPC

CDMS	  and	  CoGeNT	  
Cryogenic	  Germanium

LUX/Xenon	  
Xenon	  TPC

DAMA	  NaI



Xenon and LUX/LZ
• Liquid xenon TPCs - collect light and scintillation light 

released by energy deposition in the liquid	


• Fragments of Xenon10 - Xenon100/1T in Italy, LUX/LZ 
in South Dakota



Xenon and LUX/LZ
• Liquid xenon TPCs - collect light and scintillation light 

released by energy deposition in the liquid	


• Fragments of Xenon10 - Xenon100/1T in Italy, LUX/LZ 
in South Dakota



Argon detectors
• DarkSide, the dominant liquid argon experiment in the US - 

same idea as Xenon TPCs	


• DEAP/CLEAN (DEAP3600, MiniCLEAN) - Single phase - just 
collect the light - American and Canadian versions in the same 
room at SNOLAB



DarkSide TPC in 
neutron veto

DarkSide veto in 
water tank

DEAP3600 
acrylic vessel

MiniCLEAN inner 
vessel



CDMS/SuperCDMS

• Collect charge and heat induced by recoils	


• Good intrinsic background rejection made 
better by detector design (iZip)	


• SuperCDMS	


• 9 kg currently operating at Soudan 
mine	


• 200 kg planned for SNOLAB
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CDMS/SuperCDMS
• In April of last year, 

they observed 3 
candidate events	


• In conflict with results 
from FebruaryUnblinding Results - after timing cut

Candidate 1
Candidate 2
Candidate 3

Shades of blue indicate the three separate timing cut energy ranges.

8Julien Billard (MIT) - TAUP2013
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.

The SuperCDMS collaboration gratefully acknowl-
edges the contributions of numerous engineers and tech-
nicians. In addition, we gratefully acknowledge assis-
tance from the sta↵ of the Soudan Underground Lab-
oratory and the Minnesota Department of Natural Re-
sources. The iZIP detectors were fabricated in the Stan-
ford Nanofabrication Facility, which is a member of the
National Nanofabrication Infrastructure Network. This
work is supported in part by the National Science Foun-
dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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COUPP/PICO
• Bubble chamber	


• Electrons and gammas don’t 
make bubbles

• Alphas are loud!



This is what dark matter would 
sound like



This is what dark matter would 
sound like



This is what background events 
(alpha radiation) sound like



This is what background events 
(alpha radiation) sound like



Both together, just to hear the 
difference









DArk MAtter (DAMA)

• Very radio-pure NaI (not replicated by anyone in 10 years)	


• No discrimination	


• Observed an annual modulation for a decade

2-6 keV
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) DAMA/NaI (0.29 ton×yr)

(target mass = 87.3 kg)
DAMA/LIBRA (0.53 ton×yr)

(target mass = 232.8 kg)



Where are we?

• DAMA - A positive claim for 10 years that successfully 
does the following:	


• Low energy events (e.g. right spectrum)	


• Modulation with correct period and phase	


• Single hits (multiple hits associated with neutrons)	


• No one accepts it



Where are we?
• For a long time no one else saw anything	


• Also sociological	


• Proprietary agreement with NaI maker, so no one 
could replicate crystals	


• Defensive and dismissive of alternative explanations 
(e.g. response to DM-Ice)	


• Plan is to go bigger instead of change things up (no 
one doubts the significance of the modulation)	


• Their talks are terrible:
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Where are we?
• For a long time no one else saw anything	


• Also sociological	


• Proprietary agreement with NaI maker, so no one 
could replicate crystals	


• Defensive and dismissive of alternative explanations 
(e.g. response to DM-Ice)	


• Plan is to go bigger instead of change things up (no 
one doubts the significance of the modulation)	


• Their talks are terrible:



The µ case 

MonteCarlo simulation 
•  muon intensity distribution  
•  Gran Sasso rock overburden map 

events where just one detector fires 

Case of fast neutrons produced by µ! Annual modulation amplitude at low energy due to µ modulation:!
Sm

(µ) = Rn g ! f"E fsingle 2% /(Msetup "E)!

Moreover, this modulation also induces a variation in other parts of the energy spectrum and in the multi-hits events!
It cannot mimic the signature: already excluded also by R90, by multi-hits analysis + different phase, etc.!

#µ @ LNGS ! 20 µ m-2d-1  (±2% modulated) 
Measured neutron Yield @ LNGS:  Y=1÷7 10-4 n/µ/(g/cm2) 
Rn = (fast n by µ)/(time unit) = #µ Y Meff 

Sm
(µ) < (0.4÷3) $ 10-5 cpd/kg/keV!

g = geometrical factor;    ! = detection effic. by elastic scattering!
f"E = energy window (E>2keV) effic.;      fsingle = single hit effic.!

Hyp.: !Meff = 15 tons;  g " ! " f"E " fsingle " 0.5 (cautiously)!
Knowing that: !Msetup " 250 kg and "E=4keV!

NO 

The phase of the muon flux at LNGS is roughly around middle 
of July and largely variable from year to year. Last meas. by 
LVD and BOREXINO partially overlapped with DAMA/NaI and 
fully with DAMA/LIBRA: 1.5% modulation and phase  
LVD = July 5th ± 15 d,    BOREXINO = July 6th ± 6 d 

DAMA/NaI + DAMA/LIBRA  
measured a stable phase: May, 26th ± 7 days 

This phase is 7.1 % far from July 15th 
and is 5.7 % far from July 6th  

Can (whatever) hypothetical cosmogenic products be considered 
as side effects, assuming that they might produce: 
 

•  only events at low energy, 
•  only single-hit events, 
•  no sizable effect in the multiple-hit counting rate 
•  pulses with time structure as scintillation light  

? 
But, its phase should be 
(much) larger than µ phase, �µ : 

!µ += ttside•  if !<<T/2": 

4
Tttside += µ•  if !>>T/2": 

R90, multi-hits, phase, and other analyses  

It cannot mimic the signature: different phase 

1. DAMA/LIBRA surface & 0.15 m2 

µ flux @ DAMA/LIBRA ! 2.5 µ/day 



Other signals

• Many hints in past few years (CoGeNT, Cresst, CDMS)	


• Most are going away but DAMA remains	


• All signals are in conflict with limits from xenon detectors



All signals are in conflict with limits from 
xenon detectorsN9:#&=06N$N-9Q*4$:&-h#13-4?$
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Other signals
• Analysis of Fermi-LAT data (“indirect detection”) show an 

excess in the galactic center

10

FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

8

FIG. 7: The spectrum of the dark matter component derived in our Galactic Center analysis, for a template corresponding to an
NFW halo profile with an inner slope of � = 1.2 (left) or 1.3 (right), normalized to the flux at an angle of 5� from the Galactic
Center. We caution that significant and di�cult to estimate systematic uncertainties exist in this determination, especially at
energies below ⇠1 GeV. Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle
annihilating to bb̄ with a cross section of �v = 2.15⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2 (left) or �v = 1.0⇥ 10�26 cm3/s
⇥ [(0.3GeV/cm3)/⇢

local

]2 (right). The dot-dash and dotted curves include an estimated contribution from bremsstrahlung, as
shown in the right frame of Fig. 2.

FIG. 8: The value of ��2 as a function of the inner slope
of the dark matter halo profile, �, as found in our Galactic
Center likelihood analysis. The best-fit value is somewhat
shallower than found in our analysis of the larger Inner Galaxy
region, favoring � ⇠ 1.17 (rather than � ' 1.26).

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),

and 12 logarithmically-spaced energy bins between 0.316-
10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [43], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [44], as well as the
two additional point sources described in Ref. [45]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,

 = 2� � 7� and
p
TS = 10 � 25, or  < 2� and any

TS), we adopt the best-fit spectral shape as presented in
the 2FGL catalog, but allow the overall normalization to
float. We additionally allow the spectrum and normal-
ization of the two new sources from Ref. [45], the 20 cm
template, and the extended sources W28 and W30 [44]
to float. We fix the emission from all other sources to the
best-fit 2FGL values. For the Galactic di↵use emission,
we adopt the model gal 2yearp7v6 v0. Although an up-
dated Galactic di↵use model has recently been released
by the Fermi Collaboration, that model includes addi-
tional empirically fitted features at scales greater than 2�,
and therefore is not recommended for studies of extended
gamma-ray emission. For the isotropic component, we
adopt the model of Ref. [46]. We allow the overall nor-
malization of the Galactic di↵use and isotropic emission
to freely vary. In our fits, we found that the isotropic
component prefers a normalization that is considerably
brighter than the extragalactic gamma-ray background.
In order to account for this additional isotropic emission
in our region of interest, we attempted simulations in
which we allowed the spectrum of the isotropic compo-
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